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Microreactors as a Tool for Acquiring Kinetic
Data on Photochemical Reactions
For the first time, the application of microreactors as a tool for acquiring kinetic
data on a photochemical reaction is demonstrated. For illustration, a T-photo-
chromic system is considered. By using modeling tools and carrying out specific
experiments in a spiral-shaped microreactor irradiated by an ultraviolet/light-
emitting diode (UV-LED) array, the two kinetic parameters of the reaction,
namely, quantum yield and rate of thermal back reaction, are determined. Once
these parameters are known, the photochromic reaction is performed in two other
microreactors in order to investigate a wider range of operating conditions. It is
observed that a critical residence time exists beyond which the conversion into the
open form decreases due to a decomposition reaction. The value of the critical
residence depends on the microreactor type, which can be predicted by applying
the model developed.




Organic photochemistry achieves selective transformations
with high chemical and quantum yields, and in many cases
without chemical activation. The ability to construct strained
rings and polycycles literally with a ‘flick of a switch’ makes
photochemistry especially important for the synthesis of com-
plex natural products [1, 2]. Since the photon can be regarded
as a ‘‘traceless reagent’’, photochemistry is considered as a green
methodology par excellence. Nevertheless, it has not found
widespread implementations in the chemical industry [3]. This
reluctance is due to currently available technology, which
requires outdated batch reactors, often operating in a circulat-
ing loop, equipped with energy-demanding mercury lamps. In
these photoreactors, process limitations are numerous due to
the uncontrolled coupling between hydrodynamics, radiative
transfer, mass transfer, and photochemical kinetics. As a result,
lower selectivity and yields than on lab-scale are commonly
obtained. Furthermore, these systems need large dilutions to
overcome unfavorable light absorption, optical filters to cut out
undesired wavelengths, and intensive cooling to counter the
heat generation by the lamps.
Over the last decades, continuous microstructured technolo-
gies have emerged as real alternatives to the batch process,
since they enable reaction outcomes to be improved [4]. For
photochemistry, they offer additional advantages, such as
extensive light penetration even for concentrated chromophore
solutions and a control of the irradiation time [5, 6]. Thus, as
the increasing number of publications dealing with this field
demonstrates, microreactors become a new synthesis tool ena-
bling to easily carry out photochemical reactions under contin-
uous mode and to achieve higher conversion and selectivity
than in conventional batch photoreactors while significantly
reducing irradiation times [7].
Paradoxically, flow photochemistry studies on industrial
scale are still rare. In particular, at present there are few at-
tempts to model the positive effect of the microscale on photo-
chemical reactions from a chemical engineering context. This
research gap currently prevents the implementation of photo-
chemical reactions in continuous-flow processes compatible
with an industrial production. Motivated by this perspective,
our previous works [8–11] have applied different modeling
processes, 1D oder 2D, for various photochemical reactions
taking into account, if necessary, the polychromatic character
of the light source, to predict the conversion at the microreac-
tor’s outlet. On this basis, some practical guidelines have been
proposed to avoid mass-transfer limitations in microphoto-
reactors.
In keeping with these works, the present study aims at show-
ing, for the first time, how microreactors can also be used as a
tool for acquiring kinetic data on photochemical reactions. For
illustration, a T-photochromic system will be considered,
involving a reversible reaction between a closed form and an
open form. The kinetic parameters of this reaction will be
determined using the modeling tools previously developed
[8, 9, 11] coupled with specific experiments in a spiral-shaped
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(UV-LED) array (Sect. 3). Once these
parameters are known, this photo-
chromic reaction will be carried out in
two other microreactors in order to
investigate a wider range of operating
conditions (Sect. 4). The differences




The reaction under test is a photochromic system AB (1k, 2F)1)
involving 1,3,3-trimethylindolino-6’-nitrobenzopyrylospiran,
named TMINBPS (#CAS 1498-88-0, 322.36 g mol–1). It in-
volves a reversible bimolecular system where the initial color-
less species A, which is the closed form of TMINBPS, is ther-
mally stable and reacts photochemically via a reaction step
ðA fiUV BÞ characterized by the quantum yield FAB. The species
formed B, which is the open form of TMINBPS (pink color),
has a short lifetime and transforms into A by two discoloration
processes governed by the rate of thermal reaction kt and the
reverse photochemical quantum yield FBA (Fig. 1).
The kinetics of the thermal back reaction ðB fiD AÞ mainly
depends on the solvent nature and is expressed as a first-order
reaction. The open form B is not stabilized in nonpolar sol-
vents, leading to a quick back reaction to the closed form A.
On the contrary, using polar solvents enables to increase the
lifetime of the open form B to a few minutes. In the present
study, ethanol was chosen as solvent for two main reasons: (i)
it enables an easy reaction monitoring and data analysis, i.e.,
sufficiently slow thermal back reaction, and (ii) some data on
the rate of the thermal back reaction ðB fiD AÞ in this solvent
are available in the literature (see Sect. 3.3).
Hence, the unknown parameters of the photochromic sys-
tem, defined at a given irradiation wavelength, lirrad, are: FAB,
FBA, kt, and and kB. The latter parameter is the molar napieran
absorption coefficient of the species B; it is considered as un-
known because it is impossible to physically isolate the species
B due to its transient character (short lifetime).
2.2 Microreactors and Methods
In the present study, two types of microreactors were used. Spi-
ral-shaped microreactors, named SS1 and SS2, consisted of a
tube which was inserted inside a channel carved in a flat alumi-
num plate and wound in a spiral geometry, the inlet of the tube
being located at the center of the spiral (Fig. 2 a). They were
illuminated by a UV-LED array made by the Led Engineering
Development (Toulouse, France), identical to the one
described in [9]. The distance H between the UV-LED array
and the fluorinated ethylene propylene (FEP) tube was chosen
so as to allow varying the photon flux in a wide range by
changing the electrical intensities Ia while ensuring a uniform
illumination at the microreactor surface. To verify the latter
specification, a light source emission model has been devel-
oped. For further information, see [10].
The second type of microreactor was a capillary-tower one,
named microreactor CT, identical to the one described by Aillet
et al. [8], but with a smaller tube length (Fig. 2 b). It was irradi-
ated by a mercury vapor discharge lamp with a medium-pres-
sure Hg Ba/Sr lamp (125 W, HPK Heraeus) having the domi-
nant emission line at 365 nm [9].
For both types of microreactors, the tube material was FEP
because of its UV-transmission property [12]. Aluminum foil
protected the supply syringe and the inlet and outlet sections of
the tubing from UV light. The solution to be irradiated was fed
into the reactor tubing by a high-pressure syringe pump
(neMESYS High-Pressure module, Cetoni). The flow rates
typically varied between 0.05 and 30 mL min–1, leading to
Reynolds numbers ranging from 1 to 28 in the microreactor
SS1, from 1.3 to 88 in the microreactor SS2, and from 0.5 to
344 in the microreactor CT. Whatever the microreactors and
the flow rates, the regime was thus laminar. Tab. 1 summarizes
the characteristics of the different microreactors.
All the experiments were carried out
– in the dark to minimize, if existing, the photochemical back
reaction ðB fivis AÞ.
– at room temperature (20 ± 2 C). For that, in the microreac-
tors SS1 and SS2, the aluminum plate in which the tube was
inserted was used as heat sink, and for the microreactor CT,
an external cooling unit and a refrigerating water circulator
were employed for preventing the heating of the reaction
Figure 1. (a) Reversible reaction between the closed and the open forms of TMINBPS; (b)
pictures illustrating the difference in color before irradiation (closed form A) and after irra-
diation (open form B).
Table 1. Characteristics of the microreactors used (SS: spiral-
shaped; CT: capillary-tower).
SS1 SS2 CT
Light source 365-LED 365-LED MP Hg lamp
H [m] 0.036 0.15 –
d [mm] 508 508 508
L [m] 0.55 8 1
Vr [mL] 0.11 1.62 0.2025
–
1) List of symbols at the end of the paper.
mixture by the lamp, and thus for keeping it at
room temperature.
The methods used for measuring the incident
photon flux in microreactors (actinometry) and for
the inline reaction monitoring (UV-Vis spectro-
photometry) at the outlet of the microreactors are
detailed in the Supporting Information (Sect. SI.1).
In Fig. 3, the measured absorption spectrum of
the closed form A of TMINBPS is presented. The
initial species A strongly absorbs in the UV domain
and slightly in the visible domain.
At the irradiated wavelength lirrad = 365 nm, i.e.,
the dominant one for the mercury lamp and the
single one at which the UV-LED array emits, one
finds that
kA
365 = 1298 m2mol–1 (1)
Fig. 3 also presents the absorption spectrum of
the medium when irradiated. As it was not possible
to isolate the species B, the absorption coefficients
associated with this curve have been calculated
with respect to the initial concentration in the closed form of
TMINBPS. Thus, these values are not absolute values, as one
should rigorously account for the concentrations of the various
absorbing species. They are just reported here as a way for
illustrating the shape of the absorption spectrum when the
medium is irradiated. Firstly, an increase of the absorbance at
a)
b)
Figure 2. (a) Spiral-shaped microreactor illuminated by the UV-LED array; (b) capillary-tower microreactor illuminated by a medium-pres-
sure mercury lamp.
Figure 3. Spectra of molar Napierian absorption coefficients for the closed form
A of TMINBPS in ethanol and for the open form B of TMINBPS in ethyl acetate
(data reconstructed from [13]).
365 nm can be observed, thus showing that the species B (open
form) also absorbs at the irradiation wavelength. In addition, a
peak with a maximum at around 585 nm appears when the
medium is irradiated; the evolution of this peak will be used to
quantify the formation of the species B. The chosen observa-
tion wavelength lobs will be either 550 nm or 610 nm, depend-
ing on the operating conditions (type of microreactor, light
source or initial concentration in species A).
3 Identification of Kinetic Parameters
3.1 Literature Background and Modeling
Considerations
Many works in the literature, e.g., [13, 14], have suggested that
the quantum yield FBA of the photochemical back reaction
ðB fivis AÞ, if it exists, is low when compared to the one of the
forward reaction ðA fiUV BÞ. As a consequence, it will be
neglected in the present study.
As mentioned in Sect. 2.1, the molar absorption coefficient
of the species B (open form), kB, is unknown since the species
B cannot be isolated. Maafi and Brown [13] have defined an
advanced experimental protocol combined with modeling tools
for determining, without isolating the species B, kB in ethyl ace-
tate as solvent. These values are reported in Fig. 3, leading to
kB
365 = 4550 m2mol–1 (2)
As the chemical and physical character of ethanol, which is
the solvent used in this study, and ethyl acetate is different,
some preliminary experiments in ethyl acetate were carried
out. They revealed that: (i) neither bathochromic nor hypso-
chromic shifts on the UV-Vis spectra of the closed form of
TMINBPS and of the reactional mixture arose when compared
to the ones in ethanol, (ii) the kinetics of the thermal back reac-
tion was very fast within less than 1 min, (iii) the molar absorp-
tion coefficient of the species A (closed form) at 365 nm was
equal to 1032 m2mol–1, which is 20 % smaller than in ethanol
(Eq. (1)). As the molar absorption coefficient of the species B in
ethanol is not reported in the literature, the value of kB given in
Eq. (2) had to be chosen by default in this study. To take into
account the approximation induced by this choice, the influ-
ence of this parameter on the determination of kinetic para-
meters will be studied.
From Eq. (2), the competitive absorbance factor with respect
to the species A, bA, defined by Aillet et al. [11] when the reac-
tant and the product are in competition for absorbing the inci-
dent photons, can be calculated at the irradiation wavelength





As a consequence, accounting from this literature back-
ground, the set of the unknown kinetic parameters can be
reduced to FAB, the quantum yield of the photochemical for-
ward reactionðA fiUV BÞ, and to kt, the rate of the thermal back
reaction ðB fiD AÞ. To identify these parameters, some model-
ing tools have to be developed, coupled with specific experi-
ments in microreactors. These modeling tools are adapted from
the model proposed by Aillet et al. [11] in the case of the pho-
tochemical reaction A fi
hu
B where the species A and B are in
competition for absorbing the incident photons at a given
wavelength. They are detailed in the Sect. SI.2.
3.2 Results
For determining the unknown kinetic parameters (FAB and kt),
the spiral-shaped microreactor SS1 irradiated with the 365-nm
LED array was used (see Tab. 1). The initial concentration in
the closed form A, CA0, was set at 7.76 mol m
–3, so as to work
in a strong absorbing medium (Ae
0 = 23).
Fig. 4 a reports the variation of the absorbance at the obser-
vation wavelength of 610 nm as a function of the residence
time ts, for different incident photon fluxes qp. The absorbance
logically becomes higher when ts and qp increase. Fig. 4 b dem-
a) b)
Figure 4. Variation of the absorbance at the observation wavelength of 610 nm with the residence times, ts, at different photon fluxes qp
(microreactor SS1): comparison between experimental (symbols) and predicted absorbances (dotted lines). Graphical representation (a)
over the whole range of residence times tested, (b) for the smallest residence times; the points surrounded with dotted lines correspond
to the ones used to calculate the initial slope of the curve.
onstrates that, for the smallest residence times, Aobs varies line-
arly with ts.
By calculating the initial slope of each curve, the parameter
[ftube]qp, defined in Eqs. (SI.7–8), can be deduced for each inci-
dent photon flux qp. From this, Fig. 5a can be constructed




thus validating the proposed modeling approach.








The rate kt of the thermal back reaction ðB fi
D
AÞ is deter-
mined by following the decrease of the absorbance at the obser-
vation wavelength with time when, after irradiating the reac-
tional medium, the light source and the flow rate in the
microreactor are stopped. In Fig. 5 b, the experimental values
of  ln Aobs
Aobsð Þt¼0
are plotted as a function of time. In agreement
with Eq. (SI.9), a straight line is obtained, thus confirming that
the thermal back reaction ðB fiD AÞ is of first order. From the
slope, kt is calculated:
kt = 3.32 ·10
–4 s–1 (5)
The inverse of this constant corresponds to the characteristic
time of the thermal back reaction ðB fiD AÞ: one finds 50.2 min.
The order of magnitude of kt defined in Eq. (5) is in rather
good agreement with the one encountered in the literature.
Indeed, Roxburgh et al. [15] have experimentally obtained an
identical rate of reaction at 21 C in methanol. Görner [14],
Wojtyk et al. [16], and Piard [17] reported the following values
in ethanol at 25 C, respectively: 10–3 s–1, 6.9 ·10–4 s–1, and
6.0 ·10–4 s–1.
Finally, the parameter ptube (Eq. (SI.5)) is determined by fit-
ting all the experimental absorbances Aobs, i.e., for all the pho-
ton fluxes qp and residence times ts with the ones predicted by
Eq. (SI.4). From this and Eq. (4), the quantum yield is then
deduced, leading to the following values:
ptube = 0.91
FAB = 0.24 (6)
As illustrated in Fig. 4 a, a good agreement is obtained
between experimental and predicted absorbances, whatever the
operating conditions. The quantum yield measured by the
present method, FAB = 0.24 at the irradiation wavelength of
365 nm remains close to the single value found in the literature,
namely the one of Görner [14] equal to 0.17 at 354 nm.
As the molar absorption coefficient of the species B was
considered by default in ethyl acetate and not in ethanol
(see Sect. 3.1), a study has been performed to evaluate the influ-
ence of a variation of kB on the parameters determined. It was
found that when kB varies from ± 20 % which corresponds to
the order of magnitude of the differences of kA in ethyl acetate
and in ethanol, it induces the following variations:
– bA = 0.23 ± 0.05
– ptube = 0.91 ± 0.11
– FAB = 0.24 ± 0.03
Thus, even if some approximations are made on kB, the con-
sequence on the determined quantum yield remains acceptable
with a variation of about 12 %.
4 Implementation of the Photochromic
Reaction in other Microreactors
In the previous section, the kinetic parameters characterizing
the photochromic system have been determined. From this
knowledge, the present section aims at implementing this reac-
tion in other microreactors so as to investigate a wider range of
operating conditions.
When the photochromic reaction was carried out in the spi-
ral-shaped microreactor SS1, it has been observed that, what-
ever the incident photon fluxes, the absorbances at 610 nm
increase with the residence times (see Fig. 4 a). Any plateau has
been reached, contrary to what one could expect for such a
reversible reaction. An in-depth investigation is then required,
a) b)
Figure 5. Determination of: (a) the ratio FAB
ktube




; (b) rate of the thermal back reaction kt from the
variation of  ln Aobs
Aobsð Þt¼0
with time (microreactor SS1).
in particular for studying the reaction performances for resi-
dence times longer than 120 s. For that, a second spiral-shaped
microreactor, called SS2, with an identical tube diameter and a
greater length (Tab. 1), was used. For ensuring a perfect homo-
geneity at the microreactor’s surface, it was necessary to
increase the height H at which the UV-LED array was located
(see Tab. 1), leading to a decrease of the incident photon
(qp = 98.8 ·10–8 mol photon s–1; see Supporting Information).
The initial concentration in species A, CA0, is kept equal to
7.76 mol m–3.
Fig. 6 presents the variation of the absorbance at the observa-
tion wavelength of 610 nm with the residence times. One can
observe that a maximal value of the absorbance, Aobs = 0.79, is
reached for a residence time of almost 389 s. According to
Eq. (6) and to Eq. (SI.5), it corresponds to a conversion X of
0.72. For residence times longer than 389 s, the absorbance sur-
prisingly decreases with residence times.
To confirm this phenomenon, the same experiments have
been carried out in the capillary-tower microreactor CT irradi-
ated by a polychromatic mercury lamp (see Tab. 1 and Fig. 2 b).
The initial concentration in species A is voluntary changed and
chosen four times smaller than in the spiral-shaped microreac-
tors: CA0 = 1.55 mol m
–3. Under such conditions, the observa-
tion wavelength has been chosen as 550 nm.
Some typical absorption spectra are presented in Fig. 7 a for
different residence times in the microreactor CT. As in the
microreactor SS2, a decrease of the peak characteristic of the
formation of the species B with the residence times is obtained;
in addition, these spectra reveal the apparition of a new peak
close to l = 425 nm, which could be linked to a decomposition
of the species B under long irradiation. Fig. 7 b indicates the
variation of the absorbance at the observation wavelength
(550 nm) with the residence times ts. The shape of the curve is
identical to the one in the spiral-shaped microreactor SS2.
Nevertheless, the critical value of the residence time at which
the absorbance is maximal is significantly smaller: it ranges
from 1 to 3 s, versus 389 s in the microreactor SS2.
No accurate information has been found in the literature
about the decomposition reaction. Possible explanations might
be the occurrence of some interactions between the species B
and the solvent (ethanol) and/or a photodecomposition of the
product. As it was not the main objective of this study, no
advanced investigation such as a change of the solvent has been
carried out to test these assumptions and/or to attempt the
identification of the exact nature, e.g., either photochemical or
thermal, of this decomposition reaction. Nevertheless, the
kinetics of this decomposition rate seems to be
– significantly slower that the one of the photochemical reac-
tion (A fi
hn
B): the decrease from the maximal absorbance
(almost 0.3) to a quasi-null absorbance requires almost 120 s
irradiation time whereas an irradiation time of 2 s enables to
reach the maximal absorbance (Fig. 7 b);
– faster than the thermal back reaction (B fi
D
AÞ whose char-
acteristic time is almost 50 min (Eq. (5)).
To explain the differences in terms of critical residence time,
i.e., the one at which the absorbance is maximal, between both
microreactors, refer to a previous work [8]. In this work, a
methodology has been proposed to compare the performances
obtained in two photoreactors 1 and 2, either a batch one or a
microreactor, in the case of a photochemical reaction A fi
hu
B.
Based on a modeling approach, it has been demonstrated that
at a given conversion X the ratio of the residence times, ct
X,













Figure 6. Experiments in the spiral-shaped microreactor SS2
(qp = 98.8 ·10
–8 mol photons s–1): Variation of the absorbance at
the observation wavelength (610 nm) with the residence times
ts (semi-logarithmic scale).
a) b)
Figure 7. Experiments in the capillary-tower microreactor CT: (a) Absorption spectra of the irradiated medium for different residence
times, (b) variation of the absorbance at the observation wavelength (550 nm) with the residence times ts (semi-logarithmic scale).
In Eq. (7), ch
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Eq. (7) is applied to the capillary-tower microreactor CT
(subscripted with 1) and spiral-shaped microreactor SS2 (sub-
scripted with 2).
The calculation of the average incident photon flux, qp;1, and
of the average absorbance, A0e;1, in the capillary-tower micro-
reactor is not direct as the light source is polychromatic. The
following values have been obtained: qp;1 = 5.99 ·10
–6 mol
photons s–1 and A0e;1 = 45; see Sect. SI.3 for details. In the
microreactor SS2, one obtains qp,2 = 98.8 ·10–8 mol photon s–1,
using data reported in Sect. SI.1a, and A0e;2= 23. This leads to
cP = 6.07. Considering an arbitrary value of the conversion
equal to 0.5, it follows h1
X » h2
X » 1 (the media are indeed
strongly absorbing), thus leading to cXh = 1. Using the reactor
volumes reported in Tab. 1 and the previously mentioned initial













¼ 4:1 · 103 (12)
Experimentally, the residences times at which the absorbance
is maximal were equal to 2 ± 1 s in the capillary-tower micro-
reactor and 389 ± 2 s in the spiral-shaped microreactor (Figs. 6
and 7); this gives an approximate experimental ratio of
5.1 ·10–3 which is close to the one predicted by Eq. (12). These
calculations demonstrate that the increase in the critical resi-
dence time observed in the microreactor CT is mainly due to
the differences in terms of incident photon flux qp and of the
number of absorbing molecules (Vr ·CA0).
5 Conclusions
Promising perspectives are presented for the usage of micro-
reactors as a tool for investigating photochemical reaction
kinetics. For illustration, a T-photochromic system was consid-
ered. By using modeling tools and carrying out specific experi-
ments in a spiral-shaped microreactor irradiated by a UV-LED
array (SS1), the kinetic parameters of the reaction were deter-
mined at room temperature. The experiments performed in
two other microreactors showed that a critical residence time
existed beyond which the conversion into the open form
decreased and thus, that a decomposition reaction of the spe-
cies B occurred. The differences observed in terms of critical
residence times between both microreactors were explained
due to a modeling approach. In future, some additional investi-
gations will be required to study the influence of the tempera-
ture on the kinetic parameters and to understand the exact
nature of the decomposition reaction, i.e., the role of the sol-
vent.
The authors have declared no conflict of interest.
Symbols used
Ae
0 [–] Napierian absorbance; see
Eq. (SI.3)
CA0 [mol m
–3] initial concentration in species A
d [m] tube diameter
ftube [–] parameter defined in Eq. (SI.7)
F0 [mol photon m
–2s–1] photon flux density received at
the microreactor wall
kt [s
–1] rate of the thermal back reaction
ðB fiD AÞ
H [m] height between the UV-LED
array and microreactor surface
Ia [A] electrical intensities supplying
the UV-LED array
L [m] length of the reactor
ptube [–] parameter defined in Eq. (SI.5)
qp [mol photon s
–1] photon flux received in the
microreactor
Vr [m
3] volume of microreactor
X [–] conversion
Greek letters
b [–] competitive absorbance factor
(see Eq. (3))
k [m2mol–1] molar Napierian absorption
coefficient
l [m] wavelength
hX [mol mol photon–1] photonic efficiency at a given
conversion defined
F [mol mol photon–1] quantum yield
ts [s] residence time
c [–] ratio of two parameters of same
dimension
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